Efforts to improve small-scale yields of useful cytochalasins by fermentation resulted in selection of an enriched aflatoxin medium which increased yields by fivefold over The isotopic conversion of precursor to crystalline products that met analytical criteria ranged from 2 to 4% of the administered radioactivity.
Cytochalasins A, B, and D (CA, CB, and CD, respectively) (among others) are receiving increasing applications as useful probes into many fundamental processes in cell biology (10) . Ex- pense and difficulty in isolation from natural sources may limit research that requires large amounts and long-term usage of these fungal metabolites. In this laboratory, the need for gram quantities of these drugs for various fungal morphology, toxicity, and decay inhibition studies prompted an effort to increase the yields of cytochalasins from their producing fungi. With conventional procedures (1, 8) , Helminthosporium dematoideum produces up to 38 mg of CB and only traces of CA per liter. Some cultural modifications were attempted to increase these yields and have proven successful. We report here modified biosynthetic and isolation procedures that permit facile small-scale laboratory production of CB and CD in substantially increased amounts. A standardized procedure for the conversion of CB to CA by MnO2 oxidation gave yields consistent with those reported in the literature (1, 4 (6) . The ultraviolet-absorbing spots of cytochalasins were circled and were then permanently visualized by a 10% H2SO4 spray after heating at 100'C for 2 h (1). Active MnO2 was prepared by the method of Stork and Tomasz (9) . Radiochemical determinations were made on a Nuclear Chicago liquid scintillation spectrophotometer in 10 ml of scintillation cocktail consisting of 4 g of 2,5-diphenyloxazole and 0. Media. Rothweiler and Tamm's medium (RT medium; 7) was used in the preliminary studies for the biosynthesis of CA and CB. Kirksey and Cole's medium (KC medium; 2), both enriched (biscuit added) and liquid alone, was used in later studies for both fungi. Additions to the KC medium in several experiments for 500-ml amounts were as follows: 8 shredded wheat biscuits (approximately 200 g), 1% phenylalanine, 100 g of whole-grain wheat (soaked for 24 h in distilled water), 40 g of washed glass wool, and 100 g of vermiculite. Malt extract agar was 15 g of agar (Difco), 25 g of Difco malt extract, and 1,000 ml of water. Oatmeal agar was 10 g of agar (Difco), 10 g of Gerber's oatmeal, 1.5 g of KH2PO4, 1 g of NaNO3, and 1,000 ml of water, with pH adjusted to 6.7 to 6.8 before autoclaving (11) .
Cultural methods. Cultures were incubated at 24°C in darkness except for brief exposures to fluorescent lights during dailv observations. Preliminary VOL. 37, 1979 small-scale studies used 300-and 500-ml Erlenmeyer flasks containing 50 and 75 ml of medium, respectively. Large-scale studies used 2.8-liter Fernbach flasks containing 500 nd of medium. Small flasks were sterilized for 20 min at 121°C. Large flasks were sterilized for 40 min at 121°C. In the amended media series, solids were added first and leveled, and then the liquid medium was added slowly to achieve a uniform substrate depth. Inoculation of small flasks was by aseptic addition of 3-mm mycelial disks (one per flask). The mycelial disks were cut from margins of 7-day-old cultures of H. dematoideum grown on malt extract agar or Z. masonii grown on oatmeal agar. The disks were rolled over the surface after inoculation by flask manipulation to achieve uniform inoculum dispersal. Inoculation of the large flasks was with 5 ml of KC medium (2) planted 24 h previously with appropriate mycelial disks. The inoculum tubes were agitated briefly on a Vortex mixer after planting and just before flask inoculation.
After inoculation, the large flasks with semisolid media were manipulated to achieve uniform distribution of the inoculum. In about 1 week, the surface of the H. dematoideum cultures was covered by a whitish-gray mycelium which, in about 2 weeks, developed into dense, black, wrinkled mycelial mats. The Z. masonii cultures were initially white and became a dark gray in the same time period. Shake cultures were conducted on a circular shaker operating at 120 strokes per min.
Isolation and purification procedures. After incubation, the mycelium and substrate were thoroughly mixed with a glass rod, covered with solvent (CHC13 for CA and CB extractions and ethyl acetate for CD), heated at reflux for 5 min, and left standing overnight. The material was then suction-filtered through Miracloth (Chicopee Mills, Inc.) and washed twice with additional solvent. The combined filtrate was washed (1:3, wash to filtrate volume) with 10% Na2CO3 and water, and then washed with a saturated solution of NaCl. The chloroform extract was dried over MgSO4 and filtered, and the solvent was evaporated under reduced pressure. The residue was then dispersed in either light petroleum (30 to 60°C) or hexanes and left to stand overnight at 0°C, and the resultant white flocculent material was collected by suction filtration. This material was recrystallized from the appropriate solvent (acetonitrile for CB and ether-petroleum for CD). The compounds obtained by these procedures were identical in all respects to authentic materials, as evidenced by TLC co-chromatography in several solvent systems, mixed melting point, infrared, nuclear magnetic resonance, and ultraviolet spectroscopy.
Oxidation of CB. The oxidation was performed essentially as described earlier (1, 4 (7) . KC liquid medium consisted of mycological broth plus 2% yeast extract and 15% sucrose; enriched KC medium contained one crushed shredded wheat biscuit per 50 ml of medium (2); soaked-wheat medium consisted of 100 g of whole-grain wheat (soaked for 24 h in distilled water) per 500 ml of liquid KC; glass wooland Vermiculite-based media contained 40 g and 100 g, respectively, per 500 ml of liquid KC.
'Yields obtained from extracted filtrate and mycelium formed after 28 days of incubation at 24°C. Each value was obtained by pooling the filtrates and mycelia from three flasks.
'Data from a comparable experiment using 75 ml of medium in 500-ml Erlenmeyer flasks.
on October 27, 2017 by guest http://aem.asm.org/ Downloaded from out comparable increase in fungus biomass as an explanation for the yield differences. It would appear that some factor associated with the wheat was primarily responsible for the increased yields of these secondary metabolites. This conclusion was substantiated by the observation that RT medium (7), equally enriched as to the liquid phase with peptone, yeast extract, and malt extract, but lacking wheat, gave minimal CD yields with Z. masonii.
We had previously observed, and find substantiated in this series of experiments, that the fungal isolates used produce substantially less cytochalasins in shake than in stationary culture. However, since one objective of these studies was to maximize CA formation, the effect of aeration on the previously indicated (8) c Organic fraction TLC analysis indicated a higher cytochalasin-to-fat ratio in the shake system, but the CB-to-CA ratio appeared invariant.
Other parameters examined included the chronological appearance of CA and CB in H. dematoideum fermentations in enriched KC medium. Four series of flasks were used, each containing 45 ml of medium and 1 biscuit. A 5-ml spore suspension of H. dematoideum incubated at 24°C for 12 h was the starter culture for each flask. Sampling periods selected were 6 days (at which substrate first became completely covered by the mycelium), and 3-or 6-day intervals thereafter up to 36 days. Yields of the various fractions obtained are presented in Fig. 1 . CB first appeared at about day 9 of growth, increased until day 21, and thereafter essentially stabilized in concentration.
Advantage was taken of the convenience of these procedures to prepare radiolabeled species of CA and CB. Although phenylalanine has been shown to comprise the "shikimate"-derived moiety in the biosynthesis of cytochalasins (3), supplementation of the KC liquid medium itself with 1% L-phenylalanine did not perceptibly increase cytochalasin production (Table 1 ). In keeping, however, with the pathway elaborated for the biosynthesis of these compounds (3), supplementation of complete medium with radioactive species of phenylalanine, either as the L-enantiomer or the racemate, gave good incorporation of label into the desired products. It was found in these experiments that some 13% (average) of added radioactivity in the form of this precursor was found in the organic soluble phase after extraction of 3-week-old fermentation mixtures. Thus, for example, crystalline (8) , we noted that CB, rather than CA, was consistently the major metabolite formed by H. dematoideum under a wide range of cultural conditions and media types. Maxinum yields of CB and CD by each producing fungus were associated with the enrichment of the media by wheat (biscuit or whole grain). Also, the highest yields were generally associated with smaller substrate volumes. Aeration during fermentation reduced the mycelial biomass and the chloroform extract compared to float cultures, but no change in CB/CA ratios was discernible. Variations in cytochalasin yields in carefully repeated fermentations and in replicate treatments within an experiment suggest that some subtle nutritional or microecological factor associated with whole wheat may be significant for the fermentation.
Central to an understanding of the mode of action of cytochalasins at the molecular level lies the need to utilize radiolabeled derivatives. To date, the only commercially available labeled cytochalasin is CB. Since related work in this laboratory has concentrated on the physiological effects of CA, the need has arisen to label this congener. The biosynthetic pathway leading to the cytochalasin backbone has been demonstrated to utilize a phenylalanine-acetate-polymalonate pathway (3) . Biosynthetic experiments utilizing labeled phenylalanine in the enriched medium resulted in a 2 to 4% incorporation of labeled [14C]-or [3H]-L-phenylalanine into CB.
Oxidation of this material with activated MnO2 yielded radiolabeled CA of moderate specific activity. We have found these species of labeled drugs suitable for preliminary uptake and transport experiments in a variety of eucaryotic cell lines.
